The activity patterns of subthalamic nucleus (STN) neurons are intimately linked to motor function and dysfunction and arise through the complex interaction of intrinsic properties and inhibitory and excitatory synaptic inputs. In many neurons, hyperpolarizationactivated cyclic nucleotide-gated (HCN) channels play key roles in intrinsic excitability and synaptic integration both under normal conditions and in disease states. However, in STN neurons, which strongly express HCN channels, their roles remain relatively obscure. To address this deficit, complementary molecular and cellular electrophysiological, imaging, and computational approaches were applied to the rat STN. Molecular profiling demonstrated that individual STN neurons express mRNA encoding several HCN subunits, with HCN2 and 3 being the most abundant. Light and electron microscopic analysis showed that HCN2 subunits are strongly expressed and distributed throughout the somatodendritic plasma membrane. Voltage-, current-, and dynamic-clamp analysis, two-photon Ca 2ϩ imaging, and computational modeling revealed that HCN channels are activated by GABA A receptor-mediated inputs and thus limit synaptic hyperpolarization and deinactivation of low-voltage-activated Ca 2ϩ channels. Although HCN channels also limited the temporal summation of EPSPs, generated through two-photon uncaging of glutamate, this action was largely shunted by GABAergic inhibition that was necessary for HCN channel activation. Together the data demonstrate that HCN channels in STN neurons selectively counteract GABA A receptor-mediated inhibition arising from the globus pallidus and thus promote single-spike activity rather than rebound burst firing.
Introduction
The firing patterns of subthalamic nucleus (STN) neurons are highly correlated with normal movement and abnormal movement in Parkinson's disease and are generated through the dynamic, nonlinear interplay between intrinsic and synaptic conductances (Crossman, 2000; Brown, 2003; Wichmann and DeLong, 2003; Bevan et al., 2006) . In many classes of nerve cell, hyperpolarization-activated cyclic nucleotide-gated (HCN) channels underlie a key conductance that contributes to intrinsic activity and sculpts the integration of synaptic inputs (Robinson and Siegelbaum, 2003; Baruscotti and DiFrancesco, 2004; Biel et al., 2009) . However in STN neurons, which express HCN channels at high levels (Santoro et al., 2000; Notomi and Shigemoto, 2004) , their role is poorly understood because they do not contribute to the characteristic autonomous activity of STN neurons, and their role in (certain forms of) synaptic integration appears minimal (Bevan and Wilson, 1999; Beurrier et al., 2000; Do and Bean, 2003; Baufreton et al., 2005) .
The molecular and biophysical properties of native HCN channels have been extensively characterized (Robinson and Siegelbaum, 2003; Baruscotti and DiFrancesco, 2004; Biel et al., 2009) . Native HCN channels comprise homotetramers or heterotetramers of up to four subunits (HCN1-4), activate progressively with hyperpolarization, and are modulated directly by cAMP. HCN channels invariably mediate depolarization because the equilibrium potential of their mixed cation current is approximately Ϫ30 mV. HCN channels subserve a range of neuronal functions. Thus, HCN channels contribute oscillatory properties to neurons and neuronal networks (Lüthi and McCormick, 1998; Bennett et al., 2000; Ludwig et al., 2003; Chan et al., 2004; Garden et al., 2008) , regulate the location dependence of synaptic potential magnitude and time course (Magee, 1998 (Magee, , 1999 ; Williams and
Immunohistochemical analysis of HCN2 subunit expression
The rabbit polyclonal HCN2 antibody used in this study was raised against glutathione S-transferase fusion proteins containing the C terminus of rat HCN2 (amino acid residues 797-862), as described previously (Notomi and Shigemoto, 2004) . For immunization, HCN2 fusion protein was purified by SDS-PAGE. The gel fragments containing the purified fusion protein were emulsified with Freund's complete (first immunization) or incomplete (second immunization) adjuvant (Nacalai Tesque) and injected subcutaneously into rabbits (500 g of fusion protein per animal) at intervals of 4 weeks. From antisera collected 2 weeks after the second injection, HCN2 antibody was affinity purified, first using Protein G-Sepharose (GE Healthcare) and then CNBr-activated Sepharose 4B (GE Healthcare) coupled to the HCN2 fusion protein. The specificity of immunostaining with the HCN2 antibody was verified using an HCN2 gene-deficient mouse (Ludwig et al., 2003) (Fig. 1) . Adult wild-type and HCN2 gene-deficient (Ludwig et al., 2003) mice were deeply anesthetized with pentobarbital and perfused with PBS (0.01 M phosphate, pH 7.4) for 1 min, followed by fixative containing 4% paraformaldehyde, 0.05% glutaraldehyde, and 15% saturated picric acid in 0.1 M phosphate buffer (PB; pH 7.4) for 15 min. Brains were removed and sections cut on a vibratome (Leica VT1000; Leica Microsystems) at a thickness of 50 m. Sections were then incubated at 4°C with the HCN2 antibody (1.0 g/ml) in PBS containing 0.1% Triton X-100, 0.25% carrageenan, and 0.5% normal goat serum (NGS). After several washes in PBS, the sections were incubated with biotinylated goat anti-rabbit IgG antibody (1:200, Vector Laboratories) at room temperature for 1 h and then with avidin-biotin peroxidase complex (1:100 ABC-Elite; Vector Laboratories) at room temperature for 1 h. Finally, sections were incubated in diaminobenzidine tetrahydrochloride (DAB; Dojindo) and hydrogen peroxide to reveal immunoreactivity. Sections were then mounted on glass slides and prepared for light microscopic analysis.
Rats (p20 to adult; Charles River Laboratories) were deeply anesthetized with ketamine and xylazine and perfused via the ascending aorta with PBS, followed by 300 ml of 4% paraformaldehyde and 0.05% glutaraldehyde in PB, followed by 200 ml of PB. Brains were then removed and sectioned in the sagittal plane on a vibratome (Leica VT1000) at 70 m. Sections were freeze-thawed, washed in PBS, and then incubated in PBS containing 10% NGS for 2 h before antibody incubations in PBS containing 2% NGS. Sections were incubated in the HCN2 antibody described above at 0.5 g/ml for 48 h at 4°C. Sections for immunoperoxidase labeling were incubated in biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories) for 2-3 h, followed by 2 h in avidin-biotin-peroxidase complex (ABC; 1:100 in PBS; Vector Laboratories), at room temperature. Bound peroxidase was then revealed by incubating the sections in DAB in the presence of hydrogen peroxide (Vector Laboratories). Sections for immunogold labeling were incubated in goat anti-rabbit IgG coupled to 1.4 nm gold particles (1:100; Nanoprobes) for 3-4 h at room temperature. Bound gold particles were silver-enhanced using the HQ Silver kit (Nanoprobes). Sections were then postfixed in 1% osmium tetroxide in PB for 25 min (immunoperoxidase) or 10 min (immunogold) and dehydrated through a graded series of alcohol dilutions and embedded in resin (Durcupan ACM Fluka; Sigma-Aldrich) on glass slides.
Immunoreactive structures in the STN were examined using a light microscope equipped with 40 -100ϫ oil-immersion objectives (Zeiss Axioskop, Zeiss), and images were captured using a high-resolution digital camera (Zeiss Axiocam). The dimensions of immunoreactive neuronal somata and putative glial cell bodies were quantified from the digital images using ImageJ (National Institutes of Health) and compared statistically using the Mann-Whitney U test (Prism 5, GraphPad Software). An ␣ value of 0.05 was used as the criterion for determining statistically significant differences. Following light microscopic analysis, areas of the STN were excised, resectioned at 50 -70 nm on an ultramicrotome (UCT, Leica Microsystems), and collected on Pioloform-coated, single-slot copper grids. Ultrathin sections were then stained with 1% uranyl acetate for 30 min followed by lead citrate for 2-3 min before being imaged and analyzed with a Jeol 1200 (Jeol USA) or Tecnai G2 Spirit (FEI) transmission electron microscope. Electron microscopic analysis of structures expressing HCN2 was performed on rat DAB and immunogold-labeled tissue. Tissue close to the surface of the block was analyzed to minimize false-negative labeling due to limited penetration of immunoreagents. The densities of immunogold particles overlying somatic and dendritic compartments were quantified using Reconstruct (http://synapses.clm. utexas.edu/tools/reconstruct/reconstruct.stm). Given that the dendrites of STN neurons tend to decrease in diameter with distance from the soma (Kita et al., 1983; Afsharpour, 1985) , proximal dendrites were defined arbitrarily as having a diameter Ͼ1 m and distal dendrites as having a diameter Ͻ1 m (two perpendicular diameters were measured for each dendrite, and the minimum diameter was used for analysis). The distance of immunogold particles from the middle of the plasma membrane to the middle of the particle was measured. The best Gaussian fit to the data showed a peak position at 23.3 nm from the membrane with an SD of 9.9 nm. A gold particle was thus considered to be associated with the plasma membrane if it was located within an area that was up to 43 nm (peak ϩ 2SD) of the cytoplasmic side of the plasma membrane. Immunoparticle densities were measured by calculating the number of gold particles per unit area. Nonspecific labeling was considered to be the density of nuclear labeling. The compartmental distribution of HCN2 labeling was compared statistically using the Kruskal-Wallis test with Dunnett's post hoc analysis (Prism 5) An ␣ value of 0.05 was used as the criterion for determining statistically significant differences.
Electrophysiology
Slice preparation. Brain slices were prepared from rats, as described previously (Baufreton et al., 2009) . Slices were then transferred to a holding chamber containing ACSF, which comprised 126 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 ⅐H 2 O, 2 mM CaCl 2 ⅐2H 2 O, 2 mM MgSO 4 ⅐7H 2 O, 10 mM glucose, and 26 mM NaHCO 3 (equilibrated with 95% O 2 and 5% CO 2 ) and was maintained at room temperature.
Recording. Brain slices were transferred to a recording chamber that was perfused at a rate of 3-5 ml ⅐ min Ϫ1 with ACSF that was modified to more closely match rodent brain interstitial fluid. ACSF contained 126 mM NaCl, 3 mM KCl, 1.25 mM NaH 2 PO 4 ⅐H 2 O, 1.6 mM CaCl 2 ⅐2H 2 O, 1.5 mM MgSO 4 ⅐7H 2 O, 10 mM glucose, and 26 mM NaHCO 3 (equilibrated with 95% O 2 and 5% CO 2 ) and was heated to ϳ35°C. Somatic recordings were made using borosilicate glass micropipettes. Recording pipettes contained 135 mM K-MeSO 4 , 3.8 mM NaCl, 1 mM MgCl 2 ⅐6H 2 O, 10 mM HEPES, 0.1 mM Na 4 EGTA, 0.4 mM Na 3 GTP, and 2 mM Mg 1.5 ATP. For recordings that were combined with Ca 2ϩ imaging, 0.2 mM Fluo-4 (Invitrogen) was substituted for Na 4 EGTA. Alexa 568 hydrazide (50 M) (Invitrogen) was added to pipette solutions to allow visualization of cell bodies, dendrites, and spines under 2PLSM. For perforated-patch recording, gramicidin (15 g ⅐ ml Ϫ1 ) was added to the pipette solution Ͻ30 min before seal formation. The resistance of filled pipettes (as measured in the bath) was 3-4 M⍀ for voltage-clamp experiments, and 5-12 M⍀ for current-clamp experiments.
Recordings were acquired using Clampex 10 software (Molecular Devices) running on a PC connected to a Multiclamp 700B amplifier (Molecular Devices) via a Digidata 1322A digitizer (Molecular Devices). Recordings were low-pass filtered online at 10 kHz and sampled at 50 kHz. For current-clamp recordings, electrode capacitance was compensated online and voltage errors due to series resistance were either compensated online or corrected offline. For voltage-clamp recordings, electrode capacitance and series resistances of ϳ10 -20 M⍀ were electrically compensated. A liquid junction potential correction of 9 mV was subtracted from whole-cell recordings and 4 mV from perforated-patch recordings. Synthetic GABA A R-mediated IPSPs were generated through the patch pipette using a synaptic module (SM-1) conductance injection amplifier (Cambridge Conductance), as previously described (Baufreton et al., 2009) .
Imaging. Slices were visualized with standard infrared gradient contrast video microscopy (Infrapatch workstation, Luigs & Neumann; Eclipse workstation, Nikon) and a 40ϫ or 60ϫ, 0.9 NA water-immersion objective (Axioskop FS2, Zeiss; E600FN, Nikon) or under 2PLSM (BX51WI, Olympus) and a 60ϫ, 0.9 NA water-immersion lens (Olympus). For 2PLSM, neurons were imaged at 810 nm with 90 MHz pulse repetition and ϳ200 fs pulse duration at the sample plane. Two-photon excitation was provided by a Verdi 5W Mira 900F laser (Coherent) that was regulated with a Pockels cell electro-optic modulator (model 350 -50-02, Con Optics). Images were acquired using an Ultima 2P dedicated system (Prairie Technologies) running PrairieView and TriggerSync software (Prairie Technologies). Before dye loading, cell bodies were visualized under laser-scanning Dodt contrast imaging (Luigs & Neumann; Prairie Technologies). Following establishment of the whole-cell configuration, at least 20 min was allowed for the Alexa Fluor dye and Fluo-4 indicator to diffuse into the recorded neuron. High-magnification images of the dendritic arbors of filled neurons were used to guide the selection of locations of 2PLU and Ca 2ϩ imaging. 2PLU. MNI-caged-L-glutamate (5 mM) (Tocris Bioscience) in HEPESbuffered ACSF that contained 140 mM NaCl, 23 mM glucose, 15 mM HEPES, 3 mM KCl, 1.5 mM MgCl 2 , and 1.6 mM CaCl 2 , adjusted to pH 7.2 with 1 M NaOH (300 -310 mOsm), was perfused locally to the recorded cell using a multitube array with a 0.7 mm mixing tip (MPRE8; Cell MicroControls). The two-photon excitation source for uncaging was a Chameleon-XR tunable laser (Coherent) regulated with a Pockels cell electro-optic modulator and Prairie View and Trigger Sync software (Prairie Technologies). Each chosen location for 2PLU was stimulated at 720 nm and 20 -30 mW power at the sample plane for 0.5 ms.
2PLSM Ca 2ϩ imaging. Green ( G) and red ( R) fluorescent line-scan images were acquired at 2.48 ms per line with 309 (0.09 m) pixels per line and 4 s pixel dwell time. A baseline ( 0 ) line scan, with the neuron held at Ϫ70 mV in voltage-clamp mode, was acquired before each protocol. Line-scan data are expressed as (G Ϫ G 0 )/R 0 .
Drugs. All drugs used were prepared as concentrated stock solutions and stored at Ϫ20°C. On the day of the experiment, drugs were diluted and applied either through the bath or local perfusion system. GABAergic and glutamatergic synaptic transmission was blocked for all experiments except those involving 2PLU of MNI-glutamate, for which only GABAergic transmission was blocked. NMDA, AMPA, GABA A , and GABA B receptors were blocked with 50
ethyl]amino-2 hydroxypropyl](phenylmethyl)phosphinic acid (CGP 55845) (Tocris Bioscience), respectively. Voltage-dependent Na ϩ (Na v ) and HCN channels were blocked with 1 M tetrodotoxin citrate (TTX; AscentScientific)and20M4-ethylphenylamino-1,2-dimethyl-6-methylaminopyrimidinium chloride (ZD7288; Ascent Scientific; except for a minority of 2PLU experiments in which 50 M ZD7288 was used), respectively. Because ZD7288 may have nonspecific effects (Chevaleyre and Castillo, 2002; Do and Bean, 2003; Felix et al., 2003) , 2 mM Cs was also applied in some experiments to block HCN channels (Halliwell and Adams, 1982) .
Data analysis. Data were analyzed using Clampfit 10 (Molecular Devices), IgorPro 6 (Wavemetrics), and Prism 5 (GraphPad Software). Line-scan images were analyzed with IgorPro 6. Maximum intensity projections of Z-series were generated with ImageJ (National Institutes of Health). Numerical data are presented as mean Ϯ SD. An ␣ value of 0.05 was used as the criterion for determining statistically significant differences.
Computational modeling
To further investigate the impact of HCN channels on synaptic integration, we constructed a simplified compartmental model consisting of a single spherical somatic compartment and a four-compartment dendrite, of which each compartment was represented by a cylinder. The suffix i represents the location of each compartment, with 0 for the somatic compartment and 1-4 for each dendritic compartment. The diameter (d i ) and length (l i ) of each compartment are listed in Table 1 . The membrane potential of the ith compartment V i was calculated from the following equation:
where c m is unit membrane capacitance (c m ϭ 1F ⅐ cm Ϫ2 ) and A i is the surface area of the ith compartment (d i l i ). g axis is the axial conductance between adjacent compartments and was determined from the cytoplasmic resistance R a (150 ⍀ ⅐ cm) (Gillies and Willshaw, 2006 ) and the dimensions of adjacent compartments according to the following equation:
syn , and I app are ionic current density, synaptic current, and applied current, respectively. The ionic current density I ion was determined by currents flowing through several ion channels, including leak, Na v , class 
Gating variables for each ion channel were described by an activation function and a time constant:
, where x represents the gating variable and u is membrane potential for a voltage-dependent channel or intracellular Ca 2ϩ concentration for the SK channel. Intracellular calcium concentration obeyed the following equation (Otsuka et al., 2004) :
where Z is the valence of calcium ion (2), F is the Faraday constant, K Ca is the Ca 2ϩ removal rate (2 ms), and ␥ i is the ratio of surface area to volume for the ith compartment. Parameters for Na v , K v 3, Ca v 3, and SK channels were adopted from the model of Otsuka et al. (2004) with voltagedependent functions shifted by Ϫ7.1 mV for Na v and Ϫ5 mV for the others ( x , x 1 , and x 2 are changed). Parameters for Ca v 2.2 channels were adopted from Tsay et al. (2007) except for a shift in voltage dependence of Ϫ5 mV. The activation function of HCN channels was based on experimental data. The voltage-dependent time constant of Angelo et al. (2007) was adopted except that the time constant x 1 was increased from 1600 ms to 2400 ms. Parameters for each channel are detailed in Table 2 . Equilibrium potentials ( E) were set as follows: E leak ϭ Ϫ67 mV, E Na ϭ 50 mV, E K ϭ Ϫ90 mV, and E cation ϭ Ϫ35 mV for the HCN channel. E Ca was determined by the Nernst equation. To determine the impact of HCN channel expression and compartmental distribution, three models were investigated: somatic, somatodendritic, and deficient. Respectively, HCN conductance was restricted to the soma, uniformly expressed in each compartment or entirely absent. The total HCN conductance for each model (⌺ i A i g HCN,i ) was equivalent for the somatic and somatodendritic models. The initial magnitude of conductances in each compartment are detailed in Table 1 and were chosen so that (1) model neurons exhibited typical membrane properties of STN neurons, i.e., autonomous activity of ϳ10 Hz, voltage sag in response to hyperpolarizing current injection (for models in which HCN channels were expressed) and rebound burst activity; (2) the impact of channel removal was similar to that observed experimentally (Bevan et al., 1999; Beurrier et al., 2000; Hallworth et al., 2003) ; and (3) action potentials were generated in the soma before propagating into the dendritic compartment, as observed experimentally . The maximum conductance of each ion channel in each compartment is indicated in Table 1 . I syn represents excitatory and inhibitory synaptic currents. EPSCs were modeled as a compound of AMPA receptor-mediated and NMDA receptormediated components. The AMPA receptor-mediated EPSC was described by the model of Tsodyks and Markram (1997) :
where e and r represent effective and recovered ratios of neurotransmission, respectively. The decay constant of the EPSC and the recovery time constant rec were set to 2.5 ms and 200 ms, respectively. The presynaptic release probability U was 0.2. t AP represents the timing of the presynaptic action potential. The NMDA receptor-mediated EPSC was described by the model of Destexhe et al. (1998) :
where ␣ Ϫ1 and ␤ Ϫ1 are rise and decay time constants of the open ratio of receptors (s) and were set to 2.0 ms and 142.8 ms, respectively. The variable T represents presynaptic neurotransmitter release, which was set to 1 ms after the occurrence of an action potential, and is otherwise 0. F(V ) is a postsynaptic-voltage-dependent function that represents voltage-dependent Mg 2ϩ block. The IPSC mediated by GABA A receptors was modeled similarly to AMPA receptors except that a decay time constant of 8.0 ms was used. Finally, simulation codes were written in C, and numerical integration was performed with the fourth-order RungeKutta method. An integration time step of 0.05 ms was used, although similar results were obtained with a time step of 0.01 ms. 1.0 
Results

STN neurons express multiple HCN subunits
scRTPCR analysis was performed to determine the pattern of HCN channel subunit mRNA expression in individual acutely isolated STN neurons ( Fig. 1 A, B ). Of 16 cells tested, 8 (50.0%) expressed detectable levels of HCN1 channel subunit mRNA, 13 (81.3%) expressed HCN2 and HCN3 subunit mRNA and 4 (25%) expressed HCN4 subunit mRNA ( Fig. 1 B) . The STN has previously been shown to most strongly express HCN2 (Monteggia et al., 2000; Santoro et al., 2000; Notomi and Shigemoto, 2004) . Light microscopic analysis confirmed that the rat and mouse STN was immunoreactive for HCN2 and demonstrated that STN immunoreactivity was abolished in HCN2-deficient mice ( Fig. 1C-E) (Ludwig et al., 2003) . Immunoreactivity was present in the somata of STN neurons, smaller-diameter putative glial cells (minimum diameter of STN neurons ϭ 9.6 Ϯ 1.5 m, n ϭ 54; minimum diameter of putative glial cells ϭ 6.6 Ϯ 1.0 m, n ϭ 40; Mann-Whitney U test, p Ͻ 0.05), and fine dendritic-and axonal-like structures (Fig. 1C,D) . HCN2 immunoreactivity in other brain regions was also consistent with earlier reports (Monteggia et al., 2000; Santoro et al., 2000; Notomi and Shigemoto, 2004 ; data not shown).
Given that axons, terminals, and perineuronal oligodendrocytes also express HCN2 subunits (Notomi and Shigemoto, 2004; Boyes et al., 2007) , electron microscopic analysis of DAB-labeled tissue was used to determine the expression pattern of HCN2 in the somatodendritic compartment of STN neurons. Small-and large-diameter dendrites and neuronal somata were immunoreactive (Fig. 2 A) . Labeled glial cells (putative perineuronal oligodendrocytes) were readily distinguished from the somata of STN neurons on the basis of their well characterized ultrastructural properties, including round/ovoid nuclei with relatively dense clumps of heterochromatin, electron-dense cytoplasm filled with ribosomes, and short strands of Golgi apparatus and endoplasmic reticulum (Ludwin, 1979 ; data not shown).
To more precisely quantify the relative expression of HCN2 in each compartment of STN neurons immunogold labeling of HCN2 was analyzed (cf. Lörincz et al., 2002; Holderith et al., 2003; Boyes et al., 2007) . Material from p20, p41, and p82 rats were studied to ensure that the expression patterns of HCN2 in juvenile animals (in which physiological measurements were mostly made) were similar to those associated with later stages of development. The pattern of HCN2 expression at the electron microscopic level was similar for material derived from each animal. Thus, the density of HCN2 expression overlying the somatic and large-and small-diameter dendritic plasma membrane of STN neurons was significantly higher than background labeling over neuronal nuclei in each sample (Fig. 2 B-D) ; Kruskal-Wallis and Dunn's multiplecomparison tests, p Ͻ 0.05). In contrast, the density of HCN2 expression overlying the cytoplasmic component of each compartment was not significantly different from background nuclear labeling (Fig. 2 B-D) . To compare the specific membranous expression pattern of HCN2 across the somatodendritic axis, background labeling was subtracted. The pattern of specific HCN2 expression in the somatic and large-/ small-diameter dendritic membrane was not significantly different, and this pattern was consistent for each sample [specific density of HCN2 labeling, in particles per square micrometer: p20: soma ϭ 6.3 Ϯ 3.9 (n ϭ 16), dendrite Ͼ1.0 m ϭ 6.7 Ϯ 7.2 (n ϭ 20), dendrite Ͻ1.0 m ϭ 9.2 Ϯ 9.4 (n ϭ 28); p41: soma ϭ 10.5 Ϯ 9.5 (n ϭ 20), dendrite Ͼ1.0 m ϭ 12.0 Ϯ 9.1 (n ϭ 21), dendrite Ͻ1.0 m ϭ 18.5 Ϯ 21.7 (n ϭ 62); p82: soma ϭ 6.9 Ϯ 4.7 (n ϭ 15); dendrite Ͼ1.0 m ϭ 8.3 Ϯ 5.7 (n ϭ 11); dendrite Ͻ1.0 m ϭ 9.0 Ϯ 7.9 (n ϭ 31); Kruskal-Wallis and Dunn's multiplecomparison tests, N.S.]. Together these data suggest that HCN2 subunits are expressed throughout the somatodendritic membrane of STN neurons and that this expression pattern is stable over the developmental period of interest. effects of the selective HCN channel blocker ZD7288 on STN neurons recorded in the perforated-patch current-clamp configuration were studied. Application of ZD7288 had no effect on the frequency of autonomous activity (Fig. 3A) [control ϭ 7.1 Ϯ 2.4 Hz; ZD7288 ϭ 6.8 Ϯ 2.1 Hz; n ϭ 9; Wilcoxon signed-rank (WSR) test, N.S.] or peak of single-spike afterhyperpolarization (control ϭ Ϫ67.2 Ϯ 6.3 mV; ZD7288 ϭ Ϫ67.0 Ϯ 6.4 mV; n ϭ 6; WSR test, N.S.). Furthermore, ZD7288 had no effect on the firing response of STN neurons to small levels of depolarizing current injection (Fig.  3B ) in each of four neurons examined. In contrast, ZD7288 application significantly enhanced the degree of steady-state hyperpolarization in response to current injections equal to or more negative than Ϫ15 pA (Fig. 3C) . Because the peak level of hyperpolarization associated with injection of Ϫ15 pA was Ϫ74.9 Ϯ 8.1 mV, these data suggest that HCN channels activate when the membrane potential drops just below that associated with autonomous activity.
Activity of HCN channels during autonomous firing, depolarization, and hyperpolarization
The effects of 2 mM Cs ϩ on STN neurons recorded in the perforated-patch configuration were similar to ZD7288. Thus the frequency of autonomous activity (control ϭ 10.2 Ϯ 4.0 Hz; Cs ϩ ϭ 10.8 Ϯ 5.6 Hz; n ϭ 5) and single-spike afterhyperpolarization (control ϭ Ϫ68.4 Ϯ 5.1 mV; Cs ϩ ϭ Ϫ66.7 Ϯ 5.6 mV; n ϭ 5) were little affected. The firing response to moderate depolarizing current injection was little altered (e.g., ϩ20 pA: control ϭ 19.4 Ϯ 7.8 Hz; Cs ϩ ϭ 22.6 Ϯ 10.4 Hz), whereas steady-state hyperpolarization in response to hyperpolarizing current injection was greatly increased in each cell tested (e.g., Ϫ15 pA: control ϭ Ϫ69.0 Ϯ 9.1 mV; Cs ϩ ϭ Ϫ79.6 Ϯ 5.5 mV; n ϭ 5). To more accurately quantify the contribution of HCN channel current at voltages associated with and more hyperpolarized than the resting membrane potential, the voltage dependence of activation of HCN channels was characterized under voltage clamp (Fig. 4) . TTX was applied to improve voltage control. STN cells were held at Ϫ50 mV for 2 s before stepping to voltages between Ϫ50 mV and Ϫ120 mV. The cells were held at the test potential for 5 s and then stepped to Ϫ120 mV for 1 s to evoke a tail current (Fig. 4 A) . To isolate HCN channel current, the experiments were repeated in the presence of ZD7288. Analysis of ZD7288-sensitive tail currents for the cell shown in Figure 4 A revealed an inward current that activated at membrane potentials hyperpolarized to approximately Ϫ60 mV. The half-maximal activation voltage (V 1 ⁄2) was estimated by sigmoidal fit to be Ϫ87.5 mV. Overall, for eight cells tested, the ZD7288-sensitive current displayed minimal activation at Ϫ60 mV (1.1 Ϯ 16.8%) and a V 1 ⁄2 of Ϫ87.1 Ϯ 4.2 mV (Fig. 4 B) . Steady-state currents (measured immediately before the step to Ϫ120 mV to measure tail currents) ranged from Ϫ13.4 Ϯ 10.3 pA at Ϫ70 mV to Ϫ130.1 Ϯ 98.6 pA at Ϫ120 mV (n ϭ 8). The activation kinetics of HCN current were best fit by a double exponential (Ϫ90 mV: A 1 ϭ 35.7 Ϯ 12.3%; 1 ϭ 430.9 Ϯ 261.6 ms; A 2 ϭ 64.3 Ϯ 12.3%; 2 ϭ 2270.0 Ϯ 866.1 ms; n ϭ 6). Together these data suggest that (1) HCN channels contribute minimally to excitability and integration of somatic inputs at voltages associated with autonomous oscillation; (2) inputs that hyperpolarize the voltage below the range associated with autonomous activity lead to the activation of HCN channels; and (3) STN HCN channels activate slowly with time constants ranging from several hundred milliseconds to several seconds.
HCN channels are recruited by and oppose GABA A receptor-mediated inhibition
In many types of neuron, HCN channels are active at the resting membrane potential and participate in the integration of synaptic inputs (Lüthi and McCormick, 1998; Magee, 1999; Bennett et al., 2000; Stuart, 2000, 2003; Williams et al., 2002; Ludwig et al., 2003; Chan et al., 2004; Shah et al., 2004; Fan et al., 2005; Angelo et al., 2007; Garden et al., 2008) . Although STN HCN channels are apparently not active during autonomous activity, these neurons receive continuous and powerful GABA A receptormediated inhibition from the globus pallidus (DeLong, 1990; Crossman, 2000; Hallworth and Bevan, 2005; Tachibana et al., 2008; Karachi et al., 2009) . Given that the maximum instantaneous conductance arising from this pathway in rats is estimated to be several hundred nanosiemens and the equilibrium potential of GABA A receptor current is more negative than Ϫ80 mV ( was similar across the somatodendritic axis and significantly higher than the densities overlying cytoplasmic (C) or nuclear compartments. This sample was taken from p41 tissue. C, D, Selective association of HCN2 immunogold particles (arrowheads) with the plasma membrane of small-(Ͻ1 m) and large-(Ͼ1 m) diameter dendritic (d; C) and somatic (s; D) compartments of STN neurons. In C, a terminal (*) with the morphology of a globus pallidus terminal forms symmetrical synaptic contacts (arrows) with a large-diameter immunoreactive dendrite. In these examples, immunoreactivity was absent from myelinated axons (a). *p Ͻ 0.05; box plot: box, 25%, 50%, and 75%; whiskers, 10 -90%.
30.2 Ϯ 12.6% activated and contribute approximately Ϫ30.6 Ϯ 22.9 pA at steady state (n ϭ 8). To test this hypothesis, STN neurons were injected with a GABA A receptor-mediated conductance derived from a 10 s voltage-clamp record of a minimally stimulated GP-STN axon (Fig. 5) . Minimal stimulation was performed as described previously (Baufreton et al., 2009 ). The temporal pattern of minimal stimulation was derived from a GP neuron recorded extracellularly in an awake restrained rat and ZD7288-sensitive currents (A4 ) (inset shows tail currents evoked at Ϫ120 mV). A5, ZD7288-sensitive tail currents increased with progressive hyperpolarization from Ϫ60 mV. B, Absolute and normalized (norm) ZD7288-sensitive tail currents for the sample population. Vm, Membrane potential. (Urbain et al., 2000) . The record was chosen because the frequency and pattern of activity of the GP neuron was close to the population mean (frequency ϭ 33 Hz; CV ϭ 0.65). Application of ZD7288 significantly reduced the number of action potentials generated (control ϭ 14.0 Ϯ 9.2; ZD7288 ϭ 9.3 Ϯ 8.3; n ϭ 6; WSR test, p Ͻ 0.05) and significantly hyperpolarized the membrane potential (control ϭ Ϫ71.9 Ϯ 2.2 mV; ZD7288 ϭ Ϫ74.5 Ϯ 2.5 mV; n ϭ 6; WSR test, p Ͻ 0.05) during the period of conductance injection. Both the peak and decay time course of IPSPs were clearly increased by blockade of HCN channels. Similar results were also obtained when HCN channels were blocked with 2 mM Cs ϩ in each of three neurons tested (action potentials: control ϭ 29.0 Ϯ 14.0; Cs ϩ ϭ 18.7 Ϯ 10.1; n ϭ 3) (V m : control ϭ Ϫ71.2 Ϯ 3.2 mV; Cs ϩ ϭ Ϫ73.5 Ϯ 3.1 mV).
To determine how the distribution of HCN channels might influence the integration of inhibitory inputs across the somatodendritic axis, the effect of the same inhibitory conductance waveform was analyzed for models in which HCN channel conductance was present at the soma or across the somatodendritic axis or was absent. The inhibitory conductance waveform was applied to the soma (supplemental Fig. S1 , available at www. jneurosci.org as supplemental material) or most distal dendritic compartment (Fig. 6) . In either case, the somatodendritic model was associated with greater spiking activity and was slightly more depolarized than the somatic model (somatic conductance injection: somatic HCN model: spikes ϭ 59, mean V 0 ϭ Ϫ71.0 mV, mean V 4 ϭ Ϫ69.9 mV; somatodendritic HCN model: spikes ϭ 65, mean V 0 ϭ Ϫ70.7 mV, mean V 4 ϭ Ϫ69.2 mV; dendritic conductance injection: somatic HCN model: spikes ϭ 41, mean V 0 ϭ Ϫ67.8 mV, mean V 4 ϭ Ϫ72.7 mV; somatodendritic HCN model: spikes ϭ 54, mean V 0 ϭ Ϫ67.4 mV, mean V 4 ϭ Ϫ71.9 mV). As predicted, the deficient model was relatively inhibited and more hyperpolarized than either of the models expressing HCN channels (somatic conductance injection: HCN-deficient model: spikes ϭ 51, mean V 0 ϭ Ϫ71.8 mV, mean V 4 ϭ Ϫ70.6 mV; dendritic conductance injection: HCN-deficient model: spikes ϭ 30, mean V 0 ϭ Ϫ68.6 mV, mean V 4 ϭ Ϫ73.1 mV).
To determine how HCN channels interact with other channels to oppose synaptic inhibition and promote action potential generation, the magnitude of HCN, Na v , and Ca v 3 channel currents were compared for each model during the somatic (supplemental Fig. S1 B, available at www.jneurosci.org as supplemental material) or dendritic (Fig. 6 B) application of the GABA A receptor-mediated inhibitory conductance. In each case, the somatodendritic model was associated with larger depolarizing Na v and HCN channel currents than the somatic model and similar Ca v 3 channel currents (somatic conductance injection: somatic model: I Nav ϭ Ϫ17.0 pA, I HCN ϭ Ϫ2.0 pA, I Cav3 ϭ Ϫ3.7 pA; somatodendritic model: I Nav ϭ Ϫ18.5 pA, I HCN ϭ Ϫ2.8 pA, I Cav3 ϭ Ϫ3.8 pA; dendritic conductance injection: somatic model: I Nav ϭ Ϫ14.6 pA, I HCN ϭ Ϫ1.3 pA, I Cav3 ϭ Ϫ2.4 pA; somatodendritic model: I Nav ϭ Ϫ17.7 pA, I HCN ϭ Ϫ2.7 pA, I Cav3 ϭ Ϫ2.4 pA). Na v and, to a lesser extent, Ca v 3 channel current were also smallest for the HCN-deficient model, presumably due to weaker activation of the channels at the relatively hyperpolarized voltages associated with the HCN-deficient model (somatic conductance injection: deficient model: I Nav ϭ Ϫ14.9 pA, I HCN ϭ 0 pA, I Cav3 ϭ Ϫ3.5 pA; dendritic conductance injection: deficient model: I Nav ϭ Ϫ11.5 pA, I HCN ϭ 0 pA, I Cav3 ϭ Ϫ2.3 pA).
One reason for larger HCN channel current in the somatodendritic model appears to be the effect of action potentials, which more effectively reduce the electrochemical gradient for HCN channel current and deactivate somatic compared to dendritic HCN channels. The effect on HCN channel current was further augmented by the slow kinetics of HCN channel activation following spike-generated deactivation (supplemental Fig.  S1 B, available at www.jneurosci.org as supplemental material). Indeed, when backpropagation of action potentials into dendritic compartments was enhanced by increasing dendritic Na v channel conductance from 0.01 to 1.0 mS ⅐ cm Ϫ2 in each dendritic compartment (while reducing somatic conductance to 28 mS ⅐ cm Ϫ2 to maintain the same whole-cell Na v channel conductance), the relative capability of the somatodendritic model compared to the somatic model to counteract inhibition was eliminated (somatic conductance injection: somatic HCN model: spikes ϭ 54, mean V 0 ϭ Ϫ70.9 mV, mean V 4 ϭ Ϫ69.2 mV; somatodendritic HCN model: spikes ϭ 54, mean V 0 ϭ Ϫ71.0 mV, mean V 4 ϭ Ϫ69.1 A1 A2 B Figure 5 . The impact of GABA A receptor-mediated inhibition is enhanced by blockade of HCN channels. A1, Response of a STN neuron under control conditions (black) and in the presence of ZD7288 (red) to an in vivo-like GABA A receptor-mediated synaptic conductance waveform (blue). A2, Zoom of epoch highlighted by blue rectangle in A1. Blockade of HCN channels increased inhibition of autonomously generated action potentials (control example 31 action potentials; ZD7288 example 25 action potentials) and the degree of hyperpolarization produced by the GABA A receptor-mediated synaptic conductance in both the representative example (A) and the sample population (B; individual cells denoted by distinct colors; sample mean and SD also indicated). Vm, Membrane potential; *p Ͻ 0.05. mV; dendritic conductance injection: somatic HCN model: spikes ϭ 36, mean V 0 ϭ Ϫ67.8 mV, mean V 4 ϭ Ϫ72.2 mV; somatodendritic HCN model: spikes ϭ 36, mean V 0 ϭ Ϫ67.8 mV, mean V 4 ϭ Ϫ72.0 mV). However, the relative susceptibility of the HCN-deficient model to inhibition was not abolished (somatic conductance injection: HCN-deficient model: spikes ϭ 47, mean V 0 ϭ Ϫ71.7 mV, mean V 4 ϭ Ϫ70.0 mV; dendritic conductance injection: HCN-deficient model: spikes ϭ 26, mean V 0 ϭ Ϫ68.7 mV, mean V 4 ϭ Ϫ72.8 mV).
To further address the robustness of HCN channel placement effects, (1) whole-cell HCN channel and applied GABA A receptor inhibitory conductances were decreased and increased by an order of magnitude, and (2) the input resistance of each model was halved to 350 M⍀ by increasing leak conductance from 0.08 to 0.12 mS ⅐ cm Ϫ2 . All other conductances were then scaled similarly to compensate for reduced excitability. The trends observed in the original simulations were robust for a wide range of parameters (supplemental Tables S1, S2, available at www.jneurosci.org as supplemental material). Furthermore, the effects of HCN channel expression and somatodendritic placement were enhanced as GABA A receptor and/or HCN channel conductance was increased and/or input resistance decreased. Together the data demonstrate that (1) HCN channels distributed throughout the somatodendritic compartment (similar to the distribution observed experimentally) most effectively opposed synaptic inhibition directed to the somatic or dendritic compartment and (2) the relative capability of somatodendritic HCN channels to counteract inhibition was associated with larger Na v and HCN channel currents.
HCN channels limit the deinactivation of Ca v 3 channels in STN neurons
Several studies suggest that HCN channels play a pivotal role in the regulation of Ca v channel-mediated electrogenesis (Pape and McCormick, 1989; Lüthi and McCormick, 1998; Kole et al., 2007; Tsay et al., 2007) . In STN neurons, hyperpolarization below the voltages associated with autonomous activity can lead to the deinactivation of Ca v 3 and other low-voltage-activated Ca 2ϩ channels, which at the offset of hyperpolarization can underlie rebound burst activity (Beurrier et al., 1999; Bevan and Wilson, 1999; Otsuka et al., 2001; Bevan et al., 2002; Hallworth et al., 2003; Hallworth and Bevan, 2005; Kass and Mintz, 2006) . We hypothesized that by opposing hyperpolarization, HCN channels limit deinactivation of Ca v 3 and other low-voltage-activated Ca 2ϩ channels and thus the propensity for rebound burst firing.
The response of STN neurons to the offset of 500 ms moderate hyperpolarizing current under control conditions and in the presence of ZD7288 was characterized (Fig. 7) . Rebound activity was compared for both matching voltage at the end of the current step (approximately Ϫ85 mV) and matching hyperpolarizing current (approximately Ϫ15 pA). The latency to the generation of the first action potential following the offset of hyperpolarizing current was greatly increased for both comparisons following blockade of HCN channels (Fig. 7) (latency following Ϫ15 pA injection: control ϭ 85.5 Ϯ 16.9 ms; ZD7288 ϭ 364.4 Ϯ 342.3 ms; n ϭ 6; WSR test, p Ͻ 0.05; latency following hyperpolarization to Ϫ85 mV: control ϭ 57.1 Ϯ 23.6 ms; ZD7288 ϭ 364.4 Ϯ 342.3 ms; n ϭ 6; WSR test, p Ͻ 0.05). The duration and frequency of rebound activity, defined as activity exceeding the mean autonomous firing frequency ϩ 3SD, was also significantly increased by ZD7288 for matching current (Fig. 7) (duration of rebound activity following Ϫ15 pA injection: control ϭ 453.6 Ϯ 461.4 ms; ZD7288 ϭ 1537.6 Ϯ 990.1 ms; n ϭ 6; WSR test, p Ͻ 0.05; maximum frequency of rebound activity following Ϫ15 pA injection: control ϭ 30.9 Ϯ 47.8 Hz; ZD7288 ϭ 98.3 Ϯ 61.4 Hz; n ϭ 6; WSR test, p Ͻ 0.05; mean frequency of rebound activity following Ϫ15 pA injection: control ϭ 14.6 Ϯ 17.4 Hz; ZD7288 ϭ 38.1 Ϯ 26.1 Hz; n ϭ 6; WSR test, p Ͻ 0.05) but not for voltage (data not shown). Rebound activity following the termi-A B Figure 6 . HCN channels distributed across the somatodendritic axis most effectively counteract GABAergic inhibition. A, Somatic (black) and fourth (most distal) dendritic compartment (gray) responses of each STN neuron model to a GABA A receptor-mediatedsynaptic conductance (top) applied to the fourth dendritic compartment. The number of action potentials generated during GABAergic inhibition was 41, 54, and 30 for the somatic, somatodendritic, and deficient models, respectively. B, Zoom of the epoch 2-2.4 s from the traces in A. During the period of inhibition the somatic and fourth dendritic compartments of the somatodendritic model (blue) were relatively depolarized compared to the somatic (green) and deficient (red) models. Whole-cell HCN and Na v channel currents were also greatest for the somatodendritic model. Vm, Membrane potential.
nation of Ϫ15 pA current injection was also delayed (control ϭ 244.7 Ϯ 72.8 ms; Cs ϩ ϭ 360.0 Ϯ 44.9 ms; n ϭ 4) but enhanced in intensity (maximum frequency: control ϭ 7.8 Ϯ 10.4 Hz; Cs ϩ ϭ 92.4 Ϯ 39.3 Hz; n ϭ 4; mean frequency: control ϭ 7.8 Ϯ 9.9 Hz; Cs ϩ ϭ 34.2 Ϯ 4.6 Hz; n ϭ 4) and duration (control ϭ 138.9 Ϯ 173.2 ms; Cs ϩ ϭ 2553.0 Ϯ 3306 ms; n ϭ 4) by application of 2 mM Cs ϩ in a manner similar to that produced by ZD7288 in each of four neurons tested. Together these data confirm that HCN channels accelerate depolarization following the offset of hyperpolarizing current and by restricting hyperpolarization during current application reduce the intensity of rebound burst activity.
To isolate the action of HCN channels on the availability of Ca v 3 and other low-voltage-activated Ca 2ϩ channels, the response of STN neurons to hyperpolarization was studied in the presence of TTX to block Na v channels (and thus minimize recruitment of high-voltage-activated Ca 2ϩ channels) and with 2PLSM imaging of the Ca 2ϩ indicator dye fluo-4 to determine the magnitude of Ca 2ϩ channel-mediated electrogenesis in STN neuron dendrites. Blockade of HCN channels significantly increased the magnitude of rebound depolarization following the offset of Ϫ20 pA to Ϫ30 pA current injection [integral of rebound depolarization (mV ⅐ s): control ϭ 3.55 Ϯ 3.59; ZD7288 ϭ 12.89 Ϯ 7.98; n ϭ 6; WSR test, p Ͻ 0.05], which in turn was associated with an increase in the integral of rebound Ca 2ϩ entry (Fig. 8A) [integral of rebound Ca 2ϩ (⌬G/R 0 ⅐ s): control ϭ 0.14 Ϯ 0.08; ZD7288 ϭ 0.35 Ϯ 0.28; n ϭ 6; WSR test, p Ͻ 0.05]. Blockade of HCN channels with ZD7288 similarly increased the magnitude of rebound depolarization [integral of rebound depolarization (mV ⅐ s): control ϭ 10.10 Ϯ 3.76; ZD7288 ϭ 17.49 Ϯ 5.87; n ϭ 6] and associated rebound Ca 2ϩ entry [integral of rebound Ca 2ϩ (⌬G/R 0 ⅐ s): control ϭ 0.15 Ϯ 0.03; ZD7288 ϭ 0.25 Ϯ 0.05; n ϭ 6; WSR test, p Ͻ 0.05] when a GABA A conductance waveform (peak 35 nS) was used in place of current to generate hyperpolarization (Fig. 8 B) . Similar effects were observed when HCN channels were blocked with 2 mM Cs To determine the impact of HCN channels on the specific contribution of Ca v 3 channels, a synaptic GABA A receptor conductance (peak conductance of 80 nS at 40 Hz for 5 s) was applied to the soma of the original somatic, somatodendritic, and deficient models and the Ca v 3 channel conductance following the termination of inhibition was studied ( Fig. 9 ; supplemental Table  S3 , available at www.jneurosci.org as supplemental material). A range of hypothetical Ca v 3 channel conductances (original and 2-5ϫ original) were incorporated into each model to more fully explore the interactions. Simulations supported experimental observations that deficiency of HCN channels causes GABAergic inhibition to more effectively hyperpolarize STN neurons, which in turn leads to more complete deinactivation of Ca v 3 channels and thus relatively powerful Ca v 3 channel-mediated rebound burst firing at the offset of inhibition ( Fig. 9 ; supplemental Table  S3 , available at www.jneurosci.org as supplemental material). This effect was amplified by increasing Ca v 3 channel conductance. Together, the experimental and modeling data suggest that STN HCN channels limit the capability of GABA A -receptormediated inhibition to generate low-voltage-activated Ca 2ϩ channel-mediated rebound burst firing in STN neurons.
Glutamatergic excitation is enhanced by blockade of HCN channels in a voltage-dependent manner HCN channels have also been shown to play a critical role in the integration of dendritic excitatory glutamatergic synaptic inputs in a variety of neurons by reducing the amplitude and time course of EPSPs and thus the probability of temporal summation (Magee, 1998 (Magee, , 1999 Williams and Stuart, 2000; Williams et al., 2003; Angelo et al., 2007; Bullis et al., 2007) . To determine whether HCN channels play a similar role in STN neurons, their responses to 2PLU of MNI-glutamate (0.5 ms duration) at three adjacent dendritic spine-like structures (50 ms interval between uncaging at each site) were compared under control conditions A1 A2 B Figure 7 . Blockade of HCN channels increases the intensity of rebound burst firing. A, Response of a STN neuron under control conditions (black) and in the presence of ZD7288 (red) to hyperpolarizing current injection. A1, From top to bottom, responses to Ϫ15 pA, Ϫ25 pA, and Ϫ15 pA, respectively. A2, Instantaneous frequency plots for each trace. Dashed line represents the mean instantaneous frequency ϩ 3SD associated with autonomous activity. The degree of hyperpolarization and frequency of subsequent rebound activity in response to Ϫ15 pA were greatly enhanced by ZD7288. Application of Ϫ25 pA and Ϫ15 pA under control conditions and in the presence of ZD7288 produced similar degrees of hyperpolarization and rebound activity, respectively. B, Population data. Individual cells are represented by distinct colors. Population mean and SD are also indicated. Action potentials truncated at 0 mV; fq, frequency; Vm, membrane potential; *p Ͻ 0.05. and in the presence of ZD7288. Uncaging was performed in two voltage ranges at approximately Ϫ70 mV, i.e., the most hyperpolarized point of autonomous oscillation, and at approximately Ϫ80 mV, i.e., close to equilibrium potential of GABA A receptor current. Voltage was controlled by application of hyperpolarizing current 1 s before uncaging. The selective Na v channel blocker TTX was used in experiments where neurons were held at Ϫ70 mV to improve voltage control. TTX was not applied to neurons held at Ϫ80 mV. 2PLU EPSPs were relatively sensitive to application of an AMPA receptor antagonist compared to an NMDA receptor antagonist [EPSP integral (mV ⅐ s): control ϭ 0.23 Ϯ 0.14; DNQX ϭ 0.09 Ϯ 0.09; n ϭ 6; WSR test, p Ͻ 0.05; for APV: (Fig. 10) (control ϭ 0.63 Ϯ 0.37; ZD7288 ϭ 1.50 Ϯ 0.90; n ϭ 16; WSR test, p Ͻ 0.05) but had no apparent effect at Ϫ70 mV ( Fig. 10) (control ϭ 0.34 Ϯ 0.16; ZD7288 ϭ 0.37 Ϯ 0.22; n ϭ 6; WSR test, N.S.). The increase in temporal summation at Ϫ80 mV was apparently due to an increase in peak amplitude and duration of the decay phase of individual EPSPs (Fig. 10) . EPSP amplification at Ϫ80 mV was apparently not due to the recruitment of local regenerative postsynaptic potentials because (1) Ca 2ϩ entry at the site of 2PLU EPSPs was not altered by ZD7288 application (Fig. 10 A) [integral of ⌬G/R 0 (⌬G/R 0 ⅐ s); spine: control ϭ 0.016 Ϯ 0.012, ZD7288 ϭ 0.009 Ϯ 0.012; dendritic shaft: control ϭ 0.007 Ϯ 0.008, ZD7288 ϭ 0.002 Ϯ 0.014; n ϭ 6; WSR test, N.S.], and (2) EPSP summation was typically linear or sublinear both under control conditions and in the presence of ZD7288 (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). The action of HCN channel blockade at Ϫ80 mV but not Ϫ70 mV is therefore consistent with the participation of HCN channels in excitatory synaptic integration at voltages more hyperpolarized than the oscillation voltage range.
The impact of HCN channels on excitatory synaptic integration is shunted by inhibitory conductances that are required for their activation As suggested above, GABA A receptor-mediated inhibition should lead to the activation of STN HCN channels in vivo. To determine how inhibitory GABA A receptor conductances interact with HCN channels and excitatory synaptic inputs, EPSPs were generated by 2PLU of MNI-glutamate (as described above) in neurons that were hyperpolarized by the constant somatic injection of a 12 nS GABA A receptor conductance to approximately Ϫ80 mV. Interestingly, under these conditions application of ZD7288 had no effect on the compound EPSP integral (Fig. 11 A) (control ϭ 0.04 Ϯ 0.03 mV ⅐ s; ZD7288 ϭ 0.05 Ϯ 0.05 mV ⅐ s; n ϭ 6; WSR test, N.S.). The action of HCN channels on excitatory synaptic integration was therefore explored further in the three original STN HCN models described above (Fig. 11 B-D) . EPSPs were generated in the most distal dendritic compartment at 50 ms intervals with underlying maximal AMPA and NMDA receptor conductances of 1 and 5 nS, respectively. When somatic current was used to hyperpolarize each model to approximately Ϫ80 mV the somatic integral of EPSPs was greatest in the HCN-deficient model in line with the experimentally observed effects of ZD7288 application (Fig. 11 B) . When the magnitude of GABA A receptor conductance applied to the soma was adjusted so that the membrane potential at which the first EPSP was evoked was approximately Ϫ80 mV, the amplitude and integral of EPSPs were also greatest for the HCN-deficient model (Fig. 11 B) , which required a smaller GABA A receptor conductance (5.05 nS) for hyperpolarization to Ϫ80 mV than the HCN-expressing models (14.5 nS for the somatic model and 12.3 nS for the somatodendritic model). However, when a 12.3 nS GABA A receptor conductance was applied to each model, the integral of the somatic EPSP was similar for each, although the membrane potential of the HCN-deficient model was relatively hyperpolarized by the GABA A receptor conductance compared to the somatic and somatodendritic HCN models (Fig. 11 D) . Together these data suggest that GABA A receptor-mediated inhibition shunts the effect of HCN channels on EPSP integration.
Discussion
Cellular and subcellular expression of HCN subunits Regional mRNA and protein expression studies have shown that the STN is associated with a high level of HCN2 and 3 and lower levels of HCN1 and 4 expression (Monteggia et al., 2000; Santoro et al., 2000; Notomi and Shigemoto, 2004) . Using single-cell molecular profiling, we showed that the detection rates of HCN subunit expression in individual neurons approximated the regional pattern. Thus, individual STN (and other) neurons express a variety of HCN subunits, which could underlie homomeric channels with heterogenous, distinct biophysical properties and/or heteromeric channels with homogenous, intermediate properties (Robinson and Siegelbaum, 2003; Baruscotti and DiFrancesco, 2004; Biel et al., 2009) .
Immunocytochemical detection of HCN2 subunits revealed that STN neurons express HCN2 channel subunits across their somatodendritic plasma membrane. However, the sampling approach used here (and in most studies) might fail to detect heterogeneous cellular and/or subcellular expression patterns. Uniform (Angelo et al., 2007) , decreasing (Bullis et al., 2007) , and increasing (Magee, 1998 (Magee, , 1999 Williams and Stuart, 2000; Lörincz et al., 2002) somatodendritic expression with distance from the soma have been reported in other neurons using highresolution immunoelectron microscopy (Lörincz et al., 2002;  A2 A1 B1 B2 Figure 10 . Glutamatergic excitation is enhanced by blockade of HCN channels in a voltagedependent manner. A1, 2PLSM image of a STN neuron together with sites of 2PLU of MNIglutamate (1-3). A2, Somatic compound EPSPs generated at approximately Ϫ80 mV by 2PLU of MNI-glutamate (green) and associated Ca 2ϩ dynamics at spine 1 and underlying dendritic shaft under control conditions (black) and in the presence of ZD7288 (red). The somatic EPSP was amplified by blockade of HCN channels, but associated Ca 2ϩ dynamics were unaltered. B, Population data. Individual cells denoted by distinct colors. Mean and SD are indicated. The somatic EPSP integral generated at Ϫ80 mV and Ϫ70 mV by 2PLU of MNI-glutamate was enhanced and unaltered by application of ZD7288, respectively. Vm, Membrane potential; *p Ͻ 0.05. Notomi and Shigemoto, 2004 ) and/or cell-attached patch-clamp recording (Magee, 1998 (Magee, , 1999 Williams and Stuart, 2000; Angelo et al., 2007; Bullis et al., 2007) . In pyramidal cells where both approaches have been applied, the data were concordant, implying that immunocytochemical detection of HCN channels is highly correlated with functional expression. Distinct compartmental expression patterns of HCN channels may confer neuron-specific cellular and subcellular computational properties (London and Häusser, 2005) , as discussed below.
Voltage dependence and kinetics of STN HCN channels
To determine the voltage range at which STN HCN channels are activated, the responses of STN neurons to current and voltage steps were compared before and during application of ZD7288 or Cs ϩ . In contrast to other autonomously active [e.g., globus pallidus neurons (Chan et al., 2004) and striatal cholinergic interneurons (Bennett et al., 2000) ] and inactive [e.g., cortical pyramidal neurons (Magee, 1998 (Magee, , 1999 Shah et al., 2004; Kole et al., 2007; Tsay et al., 2007) ] neurons, STN HCN channels are barely activated at the resting membrane potential and contribute little to their intrinsic activity or excitability. Thus loss of HCN channel function was not accompanied by a reduction in the frequency of spontaneous firing (Bennett et al., 2000; Chan et al., 2004) , hyperpolarization (Magee, 1998 (Magee, , 1999 Shah et al., 2004; Kole et al., 2007; Tsay et al., 2007) , emergence of bistable states (Williams et al., 2002) or an enhancement in excitability (Magee, 1998 (Magee, , 1999 Shah et al., 2004; Kole et al., 2007; Tsay et al., 2007) , as reported for other neurons. Only hyperpolarization below the peak of single-spike afterhyperpolarization activated HCN channels sufficiently to modify the integrative properties of STN neurons. Furthermore, current-clamp recordings used the perforated-patchclamp technique, which suggests that run down of HCN channel function is unlikely to have contributed to the negligible effect of blockade at depolarized voltages. Thus, our data support earlier studies, which used invasive recording methods (Bevan and Wilson, 1999; Beurrier et al., 2000; Do and Bean, 2003) .
Although the half-activation voltage of STN HCN channel current overlaps that reported for homomeric and/or heteromeric HCN1-4 subunit-containing channels, the slow kinetics of activation are consistent with slower gating homomeric and/or heteromeric channels containing HCN2-4 subunits and inconsistent with more rapidly gating homomeric HCN1 channels (Robinson and Siegelbaum, 2003; Baruscotti and DiFrancesco, 2004; Biel et al., 2009) . Finally, although measurement of HCN channel properties were compromised by incomplete voltage control (Williams and Mitchell, 2008) , the voltage-dependent contribution of STN HCN channels was apparently similar under current and voltage clamp.
STN HCN channels counteract GABAergic inhibition and thus oppose low-voltage-activated Ca
2؉ channel-mediated electrogenesis Studies that maintained natural chloride homeostasis have shown that GABA A receptor-mediated inhibition can hyperpolarize STN neurons 20 mV below the voltage range of autonomous STN activity, which in turn leads to deinactivation of low-voltage-activated Ca 2ϩ channels and rebound burst firing (Bevan et al., 2000 (Bevan et al., , 2002 Hallworth and Bevan, 2005) . Using hyperpolarizing current injection or the dynamic-clamp technique to impose physiologically relevant patterns of GABAergic inhibition, we found that blockade of HCN channels greatly enhanced inhibition of autonomous activity, the degree of hyperpolarization, and, thus, the propensity for low-voltage-activated Ca 2ϩ channel-mediated re- . GABA A receptor-mediated inhibition shunts the effect of HCN channels on excitatory synapticintegration.A1,2PLSMimageofaSTNneurontogetherwithsitesof2PLUofMNI-glutamate (green). A2, Somatic compound EPSPs generated by 2PLU of MNI-glutamate (green) during the injection of a 12 nS GABA A receptor-mediated conductance under control conditions (black) and in the presence of ZD7288 (red). In the presence of the GABA A conductance, blockade of HCN channels had little effect on the compound EPSP integral either in the example or the sample (A3; cells denoted by distinct colors; mean and SD indicated). B-D, Integration of three excitatory synaptic conductances (AMPA, 1 nS; NMDA, 5 nS) delivered to the distal dendritic compartment at 50 ms intervals was analyzed for each STN model under three regimes of inhibition. B, Somatic hyperpolarizing current was injected to generate to steady-state somatic hyperpolarization of Ϫ80 mV in each model (somatic, Ϫ57.9 pA; somatodendritic, Ϫ49.1 pA; deficient, Ϫ20.2 pA). C, Somatic GABAergic conductances (somatic, 14.5 nS; somatodendritic, 12.3 nS; deficient, 5.05 nS) were injected to generate steady-state somatic hyperpolarization of Ϫ80 mV. D, An identical somatic GABAergic conductance (12.3 nS) was injected for each model. When the GABAergic conductance was identical EPSP integrationwasnotaffectedbythepresenceorabsenceofHCNchannelsalthoughV m wasmorehyperpolarized in the deficient model. Vm, Membrane potential.
bound burst firing. Computational modeling revealed that somatodendritic HCN channel expression, similar to that observed experimentally, most effectively counteracted inhibition directed toward either the soma or dendrite. Previous studies have shown that dendritic HCN channels may be positioned to reduce local temporal summation of synaptic potentials and/or local regenerative potentials engaged by synaptic input (Magee, 1998 (Magee, , 1999 Shah et al., 2004; Angelo et al., 2007; Bullis et al., 2007; Kole et al., 2007; Tsay et al., 2007) . Our findings further suggest that dendritic HCN channels may be protected from deactivation by backpropagating action potentials compared to somatic channels closer to the initiation site. This protective effect may be particularly critical in STN neurons, which express HCN channels that activate slowly following action potential-driven deactivation. The degree to which action potentials attenuate in the extensive small-caliber dendrites of STN neurons is unknown but may be considerable: (1) dendritic, in contrast to axosomatic, Na v channels do not contribute to autonomous firing, implying that their density is relatively low ; (2) the velocity of backpropagation is slow, implying that it is relatively passive in nature ; and (3) action potential-associated dendritic Ca 2ϩ transients decline precipitously with distance from the soma, implying that the amplitude of dendritic potentials is small (J. F. Atherton and M. D. Bevan, unpublished observations).
The depolarization produced by HCN channels was supplemented by increased activation of Na v and Ca v 3 channels. Na v channels are the primary driver of autonomous firing in STN neurons (Bevan and Wilson, 1999; Beurrier et al., 2000; Do and Bean, 2003) , and although Ca v 3 channels were largely inactivated, a small fraction of channels may contribute a tiny window current that promotes activity (Dreyfus et al., 2010) .
STN HCN channels have minimal impact on excitatory synaptic integration
Somatic and dendritic HCN channels play a critical role in excitatory synaptic integration (Magee, 1998 (Magee, , 1999 Williams and Stuart, 2000; Ludwig et al., 2003; Shah et al., 2004; Angelo et al., 2007; Bullis et al., 2007; Kole et al., 2007; Tsay et al., 2007) . Thus, HCN channels reduce the amplitude and time course of EPSPs by reducing the membrane resistance and time constant and deactivating during EPSPs. Using 2PLU of MNI-glutamate at putative axospinous glutamatergic synapses ϳ50 -150 m from the soma, we confirmed that STN HCN channels participate in excitatory synaptic integration but only when hyperpolarized well below the resting membrane potential. In vivo, the primary source of hyperpolarization is likely to arise from activation of globus pallidus-STN synaptic GABA A receptors (Hallworth and Bevan, 2005; Tachibana et al., 2008; Karachi et al., 2009 ). However, we found that GABA A receptor conductance (in contrast to hyperpolarizing current) sufficient to recruit STN HCN channels both under experimental conditions and in simulations powerfully shunted the action of HCN channels on EPSP amplitude and time course. These data suggest that in STN (and perhaps other) neurons, concurrent GABAergic inhibition in vivo overwhelms the participation of HCN channels in excitatory synaptic integration. Our data suggest that the compartmental distribution and biophysical properties of STN HCN channels help to maintain STN neurons in a voltage range where autonomous spiking activity is promoted and low-voltage-activated Ca 2ϩ channels are largely inactivated. By maintaining STN activity, HCN channels may help to prevent involuntary movements that are produced by interruptions in STN activity (Crossman et al., 1984; DeLong, 1990; Wichmann et al., 1994; Baunez et al., 1995) . By reducing low-voltage-activated Ca 2ϩ channel-dependent burst firing, STN HCN channels may help to prevent akinesia and bradykinesia that are associated with excessive burst firing, e.g., in Parkinson's disease Magill et al., 2001; Levy et al., 2002; Brown, 2003) .
Functional implications
The mechanisms through which the distribution, number, and gating of STN HCN channels are dynamically regulated are unknown, but data from thalamic and cortical neurons suggest that intrinsic homeostatic signaling pathways and neuromodulatory tone are critical for maintenance of normal thalamocortical HCN channel function (Pape and McCormick, 1989; Lüthi and McCormick, 1998; Shah et al., 2004; Fan et al., 2005) . We therefore speculate that in movement disorders like Parkinson's disease, aberrant afferent activity together with alterations in dopaminergic neuromodulation François et al., 2000; Raz et al., 2000; Magill et al., 2001; Levy et al., 2002; Brown, 2003; Shen and Johnson, 2005; Baufreton and Bevan, 2008; Ramanathan et al., 2008) could represent conditions for the dysregulation of STN HCN channels and thus the emergence of pathological burst firing in STN neurons.
